Adult mammary tissue has been considered ''resting'' with minimal morphological change. Here, we reveal the dynamic nature of the nulliparous murine mammary gland. We demonstrate specific changes at the morphological and cellular levels, and uncover their relationship with the murine estrous cycle and physiological levels of steroid hormones. Differences in the numbers of higher-order epithelial branches and alveolar development led to extensive mouse-to-mouse mammary variations. Morphology (assigned grades 0-3) ranged from a complete lack of alveoli to the presence of numerous alveoli emanating from branches. Morphological changes were driven by epithelial proliferation and apoptosis, which differed between ductal versus alveolar structures. Proliferation within alveolar epithelium increased as morphological grade increased. Extensive alveolar apoptosis was restricted to tissue exhibiting grade 3 morphology, and was ϳ14-fold higher than at all other grades. Epithelial proliferation and apoptosis exhibited a positive relationship with serum levels of progesterone, but not with 17␤-estradiol. Compared with other estrous stages, diestrus was unique in that the morphological grade, epithelial proliferation, apoptosis, and progesterone levels all peaked at this stage. The regulated tissue remodeling of the mammary gland was orchestrated with mRNA changes in specific matrix metalloproteinases (MMP-9 and MMP-13) and specific tissue inhibitors of metalloproteinases (TIMP-3 and TIMP-4). We propose that the cyclical turnover of epithelial cells within the adult mammary tissue is a sum of spatial and functional coordination of hormonal and matrix regulatory factors.
INTRODUCTION
The mouse mammary gland provides researchers with a tool for examining many aspects of developmental, endocrine, and tumor biology. With the development of transgenic and knockout technology in the last two decades, this organ has seen a large increase in its laboratory use. Within the last 2 yr numerous publications have examined mammary gland biology in transgenic or knockout mice, and many more have used genetically unmanipulated tissue. However, to date no studies have investigated the natural variations in mouse mammary gland morphology, proliferation, apoptosis, and their relationship to the normal hor- There is a need to establish the normal range of physiological changes in the mammary gland of nulliparous adult mice to facilitate accurate interpretations of mammary gland phenotypes. A full elucidation of the extent of these physiological changes is fundamental to our understanding of this tissue.
A mammary gland isolated from an adult nulliparous female mouse undergoes multistaged parenchymal development and differentiation [1, 2] . These stages can be classified as fetal, prepubescence, pubescence, and adult. During late fetal development, mammary epithelial ductal structures form a rudimentary ductal tree within the mesenchymal-derived mammary fat pad [3] [4] [5] . In prepubescent female mice, this rudimentary ductal tree remains mostly stagnant. However, in response to the systemic circulation of ovarian sex hormones starting at puberty (3-4 wk of age), active ductal progression begins [6] and continues until the female mouse reaches 10-12 wk of age, at which time the mammary fat pad is entirely infiltrated [4, 7] . The mammary tissue at late pubescence is often referred to as ''resting''. Here, we reveal how dynamic the ''resting'' mammary gland can be, and demonstrate the cellular basis for its changing morphology.
Tissue inhibitors of metalloproteinases (TIMPs) are a family of genes capable of inhibiting the activity of the matrix metalloproteinase (MMP) superfamily [8] . MMPs are broadly grouped into interstitial collagenases, stromelysins, gelatinases, elastase, and membrane-type enzymes, which collectively degrade the basement membrane matrix and stromal matrix [9] . The activity of these gene families is often up-regulated during physiological and pathological tissue turnover [8, 10] . To date, several studies have examined the relationship of these 2 gene families in breast cancer [11] and mammary development [7, 12, 13] , but none have examined whether they are regulated during the estrous cycle in mammary glands. The fact that these genes are synchronized during ovarian and uterine remodeling [14, 15] and mammary involution [16] indicates that they may also be precisely expressed during mammary gland remodeling associated with the estrous cycle. In summary, our data provide insight into the influence of the estrous cycle, systemic sex hormones, and matrix regulatory genes on mammary gland biology.
MATERIALS AND METHODS

Animals and Estrous Stage Determination
Stages of estrous were determined by cytological evaluation of vaginal smears as described previously [17] . Mature virgin female C57/BL6 mice aged 12-14 wk were given vaginal smears twice daily and only those mice undergoing normal estrous cycle changes over at least 2 cycles were included in further studies. In this group, vaginal smears were taken twice daily (at 0900 h and again at 1200 h), and those exhibiting a stage change at noon were divided into diestrus, proestrus, or metestrus groups and were killed immediately. Thus, all samples collected are representative of the initial onset of each stage, and this regimen minimized the expected in-trastage variation. Because mice enter estrus in the early hours of the night, vaginal smears were obtained at 2100 and 0900 h, and those mice that entered estrus from proestrus overnight were killed immediately. All samples were coded for subsequent double blind analyses. Mice were cared for in accordance with regulation established by the Canadian Council for Animal Care under the protocols approved by the Animal Care Committee of the Ontario Cancer Institute, Toronto, Ontario.
Serum Levels of Progesterone and 17␤-Estradiol
Approximately 1 ml of blood was removed from each mouse when it was killed, placed at room temperature for 30 min, and then centrifuged at 6000 ϫ g to isolate serum. Serum samples were stored at Ϫ70ЊC until processed for 17␤-estradiol and progesterone by Dr. S. Tokmakejian (University of Western Ontario, Canada) using protocols that have been previously used for measurements of these hormones in mice [18] . Briefly, for progesterone and 17␤-estradiol, 300 l of serum was extracted and aliquots of the extract were evaporated and reconstituted in diluent 9 and in diluent 3 (both from Chiron Diagnostic, Walpole, MA), respectively. Progesterone was measured by a competitive chemiluminescent assay (ACS-180 analyzer; Chiron Diagnostic). 17␤-Estradiol was measured by a competitive enzyme immunoassay on an Immuno-1 analyzer (Bayer Diagnostics, Berkeley, CA).
Morphological and Histological Analysis of Mammary Glands
To examine morphology, mammary glands were isolated from 12-to 14-wk-old females, and carmine-alum whole-mount staining was performed. One 4th-inguinal mammary fat pad was removed and placed on a microscope slide at room temperature for several minutes to adhere to the glass. The tissue was then fixed in Clarke fluid (75% ethyl alcohol, 25% acetic anhydride) for 16 h. After 30 min in 70% ethyl alcohol, the tissue was stained in a carmine-alum mix (0.2% carmine, 0.5% aluminum potassium sulphate) for 16 h, followed by 4-6 h of destaining (2% HCl, 70% ethyl alcohol). After dehydration in ascending concentrations of ethanol, the tissue was cleared in toluene. To store whole mounts, slides were rehydrated from toluene in 100% ethanol for 5 min (2ϫ), followed by 5 min in each of 70%, 50%, 30% ethanol and then water. The air-dried slides maintained ductal contrast and could be restained or rehydrated in water. For histological analysis, mammary glands were fixed for 24 h in 4% (w/ v) buffered-formalin, processed for sectioning (5 m), and stained in hematoxylin and eosin. Whole mount and histological images were digitized using Northern Eclipse Software (Empix Imaging Inc., Toronto, ON, Canada). Mammary gland morphology on 29 mice was graded from 0 to 3 by two independent investigators using coded slides. Grades were assessed in 5 fields distal to the lymph node, and assigned as described in Results and Discussion. To determine the extent of intramouse variation, whole mount and histological analyses was performed on all pairs of the mammary glands from one mouse. This was repeated at least three times each in mice representing the strains FVB, C57/BL6, and CD1. Thus, a total of nine mice were tested.
Proliferating Cell Nuclear Antigen Immunostaining
All proliferating cell nuclear antigen (PCNA) immunostaining was performed on the 4th-inguinal mammary gland. One 4th-inguinal mammary fat pad was removed, fixed for 3 h at 4ЊC in 4% paraformaldehyde, and embedded in paraffin. Sections were dewaxed in two changes of xylene, rehydrated through an ethanol series, and placed into 3% hydrogen peroxide for 10 min to block endogenous peroxidase activity. For antigen retrieval, slides were rinsed in water and microwaved in 10 mM citrate buffer pH 6.0. Slides were then rinsed in PBS, incubated with anti-PCNA (1:1000 dilution; Novocastra Laboratories Ltd., New Castle, U.K.) antibody for 1 h in a humidified chamber at room temperature, and then washed in PBS. Bound antibody was detected using the Level 2 Ultra Streptavidin Detection System (Signet Laboratories Inc., Dedham, MA) and fresh AEC substrate (3-amino-9-ethylcarbazole; Sigma, St. Louis, MO) as described by the manufacturer (Signet). Tissue was counterstained in Mayers hematoxylin, rinsed in PBS, and mounted with Crystal Mount (Biomeda Corp., Foster City, CA). This procedure labels PCNA-positive cells as dark red nuclei.
In Situ DNA End-Labeling
Immunohistological staining of apoptotic cells was performed using published protocols [19] . Briefly, formalin-fixed sections from the 4th-inguinal mammary fat pad were dewaxed in two changes of xylene, rehydrated through an ethanol series, and placed into 3% hydrogen peroxide for 10 min to block endogenous peroxidase activity. After rinsing in water for 5 min, slides were treated with 0.4% pepsin pH 5.2 at 42ЊC for 10 min, followed by rinsing in water for 5 min. Slides were equilibrated in buffer A (50 mM Tris-HCl, 5 mM MgCl 2 , 10 mM ␤-mercaptoethanol, 0.005% BSA fraction V pH 7.5) for 5 min at room temperature. Klenow (1 U/ml; Sigma) and 2.5 M each of dATP, dCTP, dGTP, and biotinlabeled-dUTP (Sigma) in buffer A were applied to the sections and incubated at 42ЊC for 1 h. Slides were rinsed in water and incorporated biotin-labeled-dUTP was detected using the Level 2 Ultra Streptavidin Detection System (Signet) and counterstained as described in the previous section. This procedure labels apoptotic cells as dark red nuclei.
Histomorphometry
All morphometric analyses were performed on the 4th-inguinal mammary fat pad using double-coded slides from five mice in each stage. The PCNA and apoptotic indices were derived separately from different slides, and each parameter was individually assessed for ductal and alveolar epithelium. The number of positive epithelial cells was divided by the total number of epithelial cells to calculate the fraction of positive cells. For the above indices, an average of 250 nuclei were scored on one section. No significant intrasample variation in apoptosis or PCNA was evident when multiple sections, derived from one mouse mammary gland, were quantified.
RNA Slot-Blot Analysis
Total RNA was extracted from one 3rd-thoracic mammary gland as described previously [20] . Five micrograms of total RNA were slot-blotted on a Minifold II slot-blot system (Schleicher and Schuell, Keene, NH), as described by the manufacturer and hybridized with murine [␣-32 P]dCTPlabeled DNA probes specific for TIMP-1, -2, -3, and -4; MMP-2, -3, -7, -9, and -13; and 18S ribosomal RNA. Radiolabeled DNA probes were generated by random priming using the Prime-It Kit (Stratagene, La Jolla, CA). To confirm that RNA was undegraded, 2 g of total RNA were resolved on a 1.1% agarose/5.5% formaldehyde gel, transferred to GeneScreen Plus (NEN Research Product Inc., Boston, MA), and hybridized with a murine ␣-32 P-labeled dCTP DNA probe specific for 18S rRNA. Membrane prehybridization, hybridizations, and washes were performed following published protocols [21] . Quantification of radioactive signals was performed using a PhosphorImager and Image Quant Software (Molecular Dynamics, Sunnyvale, CA). RNA was obtained from seven mice at each stage of estrous cycle. For sequential probing, the membrane was stripped in 1% SDS, 2 mM EDTA for 5 min at 80ЊC. Complete stripping of the probe was confirmed by autoradiography before subsequent reprobing.
Statistical Analysis
All data sets, except the apoptotic index, were found to be normally distributed when tested by the Shapiro-Wilks test. Overall, the following statistical analyses were performed. First, to assess if differences in the proliferation index or mRNA levels were statistically significant, ANOVA was performed on each group. If the entire group was significant at P Ͻ 0.05, then pairwise comparisons were made using the Fisher least significant difference (LSD) test. Differences were considered significant if they were in a group that passed the ANOVA test and an LSD test. A MannWhitney test was performed on apoptosis index to determine if significant differences existed between diestrus and nondiestrus stages for ductal and alveolar indices. Third, to determine the correlation between various indices, independent of the estrous stage, regression analysis was performed on the entire group of mice within the study, and the coefficient of correlation (r) was calculated. Curvilinear regression was used for alveolar apoptosis because the data most likely reflect a biological system in which a plateau of cellular apoptosis is reached.
RESULTS
Secondary Branching and Alveolar Development Exhibit Specific Variations in Adult Mammary Tissue
Mammary whole mount staining allows a three-dimensional visualization of epithelial ductal and alveolar structures against a translucent fatty background and readily re-FIG. 1. Mammary morphology and histology exhibit specific variations in ductal and alveolar development in mouse. A-D) Whole mount and E-H) hematoxylin and eosin (H&E) staining of adult nulliparous mammary tissue. Grade 0 mammary morphology (A) displayed mostly primary ducts (arrows) and a limited number of secondary ducts (arrowheads). Grade 1 (B) exhibited increased secondary branching (arrows) and with emanating alveolar buds (arrowheads). Grade 2 (C) contained tertiary branches (arrow) and more alveolar buds (arrowheads), and grade 3 (D) showed full development of alveoli (asterisks). In the H&E sections, grade 0 (E) displayed mostly the primary ducts (1Њd) and no alveoli. Grade 1 (F) contained secondary branching (2Њd) and budding alveoli (a). Further development of alveolar structure (a) was evident in grade 2 (G). Fully developed alveoli (a) with extended lumens were found in grade 3 (H). Bars ϭ 5 mm in A-D, and 50 m in E-H. veals the extent of ductal elongation, branching, and alveolar development. To uncover the extent of the normal physiological variation in mammary morphology, whole mount analysis was performed on mammary tissue taken from 29 adult nulliparous female mice. We visualized a spectrum of morphologies within the mammary tissue as illustrated in Figure 1 , A-D. The morphological variations in mammary tissue stemmed from differences in secondary branching and alveolar development that we graded from 0 to 3. As shown in Figure 1 , grade 0 tissue had limited secondary branches and a complete absence of alveolar structures (Fig. 1A) ; grade 1 tissue displayed one or two budding alveoli emanating from secondary ducts (Fig. 1B) ; grade 2 consisted of increased numbers of secondary ducts and higher order branching, both containing several budding alveoli structures (Fig. 1C) ; and grade 3 was similar to grade 2 in the extent of branching, but extensive numbers of fully developed alveoli emanated from secondary branches (Fig. 1D ). Histological analysis of grade 0 revealed mostly primary ducts and the absence of alveolar budding (Fig. 1E) . Grade 1 tissue exhibited initiation of alveolar buds from secondary branching (Fig. 1F) , whereas grade 2 often revealed further alveolar growth (Fig. 1G) . Grade 3 resembled lobulo-alveolar structures seen in mammary tissue during early gestation. Groups of alveoli were clearly evident throughout mammary tissue exhibiting grade 3 morphology (Fig. 1H) . Lumen size of alveolar structures increased with grade, whereas ductal lumens showed no overt differences. We also observed similar mammary morphological variations in the other strains of D) . Quantification of apoptosis revealed that few apoptotic cells were found in ductal and alveolar epithelium of grades 0, 1, and 2 (E). However, the apoptotic index for alveolar epithelium in grade 3 was ϳ14-fold higher than all other grades (E). As shown in a representative section (F), many alveolar and some epithelial cells labeled positive for apoptosis in grade 3 morphology. Apoptotic nuclei are stained a dark red (arrowheads). Bar (A-D and F) ϭ 50 m.
mice, including the inbred FVB and the outbred CD1. These inherent variations in mammary morphology clearly demonstrate the gross differences that can exist within this organ. We observed no overt intramouse variation among the five pairs of mammary tissues (not shown). Moreover, ductal structure and alveolar development did not deviate within any single mammary gland (not shown). Therefore, the morphology of any one mammary gland was an appropriate representation of the morphology of other mammary glands within the same mouse.
Mammary Ductal Epithelium and Alveolar Epithelium Differ in Proliferation and Apoptotic Indices
In order to explore the cellular processes that are responsible for the morphological changes noted above, we assessed mammary epithelial proliferation and apoptosis as a function of grade using immunohistochemistry. Figure 2 represents changing PCNA labeling, an indicator of DNA synthesis [22] , in mammary epithelial cells in both ductal and alveolar structures. PCNA is a processivity factor for DNA polymerase and is often used as an indicator of DNA synthesis in mammary epithelial cells [7, 23, 24] . The number of PCNA-positive cells increased in ductal epithelium between grade 0 to grade 1 tissues (Fig. 2, A and B ; P Ͻ 0.05). This induction of proliferation may reflect an initiation of sprouting of secondary ducts noted at grade 1. Ductal epithelial proliferation did not increase further as the branching morphology progressed to grade 3, suggesting that secondary branching is ongoing at these grades (Fig.  2, B-D) . In contrast, the steady increase in alveolar proliferation that occurred with each increment of mammary grade from 1 to 3 was significant (Fig. 2 , B-D; P Ͻ 0.05). This led to alveolar proliferation and ductal proliferation that differed significantly from each other within mammary tissue exhibiting grade 3 morphology ( Fig. 2D ; P Ͻ 0.001). The selective increase in alveolar proliferation explains the maturation of these structures seen at the whole mount level (Fig. 1, D and E) . Ductal and alveolar apoptosis remained relatively low, and not significantly different, in mammary tissues of grades 0, 1, or 2 (Fig. 2E) . In contrast, grade 3 morphology displayed extensive apoptosis in alveolar structures that was approximately 14-fold higher than at any other stage (Fig. 2, E and F) . Ductal epithelial apoptosis in grade 3 mammary glands was also elevated in comparison to all other grades (Fig. 2, E and F) . It is clear that grade 3 mammary morphology represents a unique window of PCNA labeling, and C) apoptosis in nondiestrus (proestrus, estrous, and metestrus) versus diestrus mammary glands. Nondiestrus stages (n ϭ 21) had grades ranging from 0 to 2 but did not exhibit grade 3, whereas seven of eight mice at diestrus displayed grade 3, and the eighth mouse was grade 2 (A). No significant differences were evident in the percentage of PCNApositive ductal epithelial cells between nondiestrus (n ϭ 15) and diestrus stages (n ϭ 5; B). A significant increase in alveolar epithelial proliferation occurred at diestrus versus nondiestrus (B). Both ductal and alveolar epithelial apoptosis were significantly greater in mammary glands at diestrus (n ϭ 5) versus nondiestrus (n ϭ 15; C). A-C) Are represented as a scatter plot with median indicated. Asterisks designate significant differences based on the Mann-Whitney test. mammary gland development. It encompasses extensive proliferation and apoptosis simultaneously, with the majority of these cellular processes being inherent to alveolar epithelial cells, and not ductal.
Fully Developed Alveoli Are Seen Exclusively at Diestrus
The female reproductive cycle produces cyclical variations in the levels of progesterone and 17␤-estradiol that are driven by the ovary. The murine reproductive cycle (estrous cycle) spans 4-5 days compared with the human menstrual cycle of 28-30 days [25] . Our approach was to carefully stage (see experimental procedures) the estrous cycle status of each female mouse, but to perform subsequent morphological and cellular analysis without knowing the estrous stage from which the samples were taken. Upon decoding, we found that proestrus, estrous, and metestrus each exhibited mixed mammary morphologies of grades 0, 1, or 2. In contrast, grade 3 was exclusively seen at diestrus (Fig. 3A) . Of the eight females classified as diestrus, seven exhibited grade 3 mammary morphology, whereas the 21 females from all other stages varied between grades 0 and 2. Diestrus was also the stage at which alveolar proliferation (Fig. 3B), ductal apoptosis (Fig. 3C) , and alveolar apoptosis (Fig. 3C) were significantly greater than the combined averages of nondiestrus stages. Therefore, diestrus, which represents the end of the luteal phase, is unlike all other estrous cycle stages in that it represents the most differentiated mammary gland state.
Natural Levels of Progesterone, and Not 17␤-Estradiol, Correlated Positively with Mammary Epithelial Proliferation and Apoptosis
We measured the nonmanipulated serum levels of the hormones progesterone and 17␤-estradiol at a window that represents the initial onset of each estrous stage, which allowed us to assess mammary changes as a function of the physiological fluctuations of these hormones. We observed a 40% increase in the average serum concentration of 17␤-estradiol from proestrus (47.3 Ϯ 2.1 pg/ml) to estrus (66.0 Ϯ 3.2 pg/ml) as shown in Table 1 . As expected, 17␤-estradiol levels declined after ovulation at metestrus. In contrast, the average progesterone levels (mean Ϯ SEM in Table 1) decreased from proestrus (8.1 Ϯ 1.8 ng/ml) to estrus (1.2 Ϯ 0.5 ng/ml), and were maximal at diestrus (18.4 Ϯ 3.6 ng/ml). Overall, a 15-fold decrease in progesterone levels was seen from diestrus to estrus. The substantial drop of progesterone at estrus is a function of regression of the corpora lutea (luteolysis) in mice, as it is in humans, when implantation does not occur. Our sample size established trends for each hormone that followed the known physiological changes in the murine ovary [17] and reflects serum levels that have been previously reported for these hormones in mouse [18] . It is important to note however, that our serum hormone levels represent the initial onset of each estrous stage and may not be representative of the later part of the stage. An in-depth analysis of the serum levels of progesterone and 17␤-estradiol in the mouse has been established before, in which multiple time points throughout each estrous stage were examined [18] .
In the present investigation, we found that progesterone levels correlated positively and significantly with morphological grade (Fig. 4A ) and alveolar proliferation (Fig. 4B) , but not ductal proliferation (Fig. 4C) . We found it intriguing that progesterone levels also correlated positively with ductal apoptosis (Fig. 4E) . Moreover, the relationship between progesterone and alveolar apoptosis exhibited a curvilinear relationship (Fig. 4D) . This indicates that the apoptotic response by the majority of alveolar epithelial cells toward progesterone levels may occur only after a threshold level of ϳ12 ng/ml of progesterone is reached. In contrast to progesterone, circulating levels of 17␤-estradiol did not FIG. 4 . Relationships between of systemic progesterone, 17␤-estradiol levels, mammary morphology, cellular proliferation, and apoptosis. A) Mammary morphology, B) alveolar proliferation, and E) ductal apoptosis exhibited positive correlations with serum progesterone levels. D) The alveolar apoptotic index suggests that these cells have a curvilinear relationship with progesterone, with most apoptosis occurring when progesterone is Ͼ12 ng/ ml. No relationship is evident between progesterone and ductal proliferation (C) or between 17␤-estradiol and mammary morphology (F), cellular proliferation (G and H), and apoptosis (I and J). r ϭ correlation coefficient. Each data point represents one mouse.
correlate with mammary morphological grade (Fig. 4F) , epithelial proliferation (Fig. 4, G and H) , or epithelial apoptosis (Fig. 4, I and J).
Estrous Cycle-Mediated Tissue Turnover in Mammary Gland Entails Regulation of TIMPs and MMPs
Slot-blot analysis revealed that specific TIMPs and MMPs were differentially regulated at the mRNA level in the mammary gland during the estrous cycle. All four TIMPs were expressed throughout the estrous cycle. TIMP-2, -3, and -4 had increased mRNA levels at proestrus and metestrus when compared with estrus and diestrus (Fig. 5,  A and B; and data not shown). In contrast, TIMP-1 was constitutively expressed at low levels (not shown). The increases in the mRNA levels of TIMP-3 (P Ͻ 0.02) and TIMP-4 (P Ͻ 0.01) at proestrus and metestrus were significant. All MMPs that were examined (MMP-2, -3, -7, -9, and -13) were expressed in the mammary gland at each stage of the estrous cycle. However, only MMP-9 and MMP-13 displayed significant differential regulation at the mRNA level (Fig. 5, C and D) . The increase in MMP-9 mRNA at metestrus was significant when compared with the increase at proestrus ( Fig. 5C ; P Ͻ 0.01). Significant changes were also found in MMP-13, which exhibited a greater than twofold increase in it's mRNA at proestrus and at metestrus, compared with the estrus and diestrus stages ( Fig. 5D ; P Ͻ 0.0005). It is intriguing that only TIMP-4 and MMP-13 exhibited strong associations with other mammary gland estrous cycle-associated characteristics. Specifically, TIMP-4 negatively correlated with both lobulo-alveolar grade (r ϭ Ϫ0.41; P Ͻ 0.05) and epithelial proliferation (r ϭ Ϫ0.44; P Ͻ 0.01), and MMP-13 negatively correlated with E 2 concentration (r ϭ Ϫ0.53; P Ͻ 0.005). These data indicate that the estrous cycle influences the expression of specific TIMPs and MMPs in the mammary gland.
DISCUSSION
Here we provide the first full characterization of nulliparous murine mammary glands during the estrous cycle. Specifically, morphological, cellular, and molecular changes were assessed, and their correlation with natural systemic levels of progesterone and 17␤-estradiol were determined. Figure 6 is a schematic representation of our findings and FIG. 5. Coregulation of mammary TIMPs and MMPs during the estrous cycle. Relative expression of TIMP-3 (A; *P Ͻ 0.02), TIMP-4 (B; *P Ͻ 0.01), MMP-9 (C; *P Ͻ 0.01), and MMP-13 (D; *P Ͻ 0.0005) mRNAs in mammary glands taken at proestrus (P), estrus (E), metestrus (M), and diestrus (D). Seven mice were analyzed at each stage of the estrous cycle. Following the quantification of the radioactive signal by the PhosphorImager analysis and Image Quant software, means and SEM were calculated for each estrous stage. For each probe, the lowest mean value was taken as 1, and fold differences were calculated. SEMs were adjusted by the same magnitude. All mRNA levels were normalized to 18S rRNA.
FIG. 6. Schematic representation of estrous cycle-dictated hormonal, morphological, cellular, and molecular changes in the mouse mammary gland. Proestrus, metestrus, and diestrus data were derived from samples collected at noon (within 3 h of entry into the stage), whereas estrus data were from samples obtained at 0900 h (within 12 h into the stage), as described in Materials and Methods. Maximum 17␤-estradiol levels were observed at estrus, whereas progesterone levels were highest at diestrus (b). Diestrus was the stage when lobulo-alveolar structures were fully developed (c). Alveolar (A) proliferation/apoptosis and ductal (D) proliferation peaked at diestrus (d). Expression profiles of TIMP-3, TIMP-4, and MMP-13 mRNAs exhibit specific increases at proestrus and metestrus. MMP-9 mRNA levels were maximal at metestrus. The mRNAs of all TIMPs and MMPs examined were minimal at diestrus (e).
serves to illustrate the number of orchestrated changes in the mammary gland that occur during the estrous cycle.
The role of progesterone and estrogen in dictating murine mammary morphology has been studied following their exogenous administration or in estrogen and progesterone receptor knockout mice [26] [27] [28] [29] . This work has implicated estrogen in stimulating ductal elongation, and progesterone in inducing ductal branching and lobulo-alveolar growth. Our results further support the role of progesterone in eliciting alveolar growth during the estrous cycle, because we found strong association between the natural levels of this hormone and alveolar proliferation, but not ductal proliferation. Progesterone receptor-positive as well as progesterone receptor-negative ductal epithelial cells have been found adjacent to each other [30] and evidence suggests that ductal epithelium contains cell lineages for both ducts and alveoli [31] . Our findings, which examined the mammary gland in response to systemic progesterone, suggest the existence of two distinct mammary epithelial cell populations, one (ductal) nonresponsive, and the other (alveolar) responsive to rising progesterone levels associated with the estrous cycle.
Cole et al. [32] was the first to identify morphological differences in the mouse mammary gland associated with the estrous cycle. However, these measurements were from young (6-wk-old) female mice, and included ductal diameter changes and terminal end bud differences, and not alveolar growth or regression. Analysis of rat mammary gland morphology during the estrous cycle indicates that alveolar growth is greatest at estrus, although the extent of this growth is marginal [33] . Therefore, differences between mouse and rat mammary glands in response to hormones appear to be species-dependent. Our findings on mammary epithelial proliferation but not apoptosis differ from that of Andres et al. [34] . In a hunt for novel protein tyrosine kinases, these authors found that DNA synthesis in the mouse mammary gland is greatest during late proestrus and estrus [34] . However, their measurements did not differentiate between alveolar epithelium and ductal epithelium, and were not from a defined window within each estrous stage. In addition, their data were obtained from analyzing thymidine incorporation in short-term mammary gland cultures. Because we measured these indices in vivo, and at early but not late proestrus, it is difficult to directly compare their findings with ours. Within the murine uterus, two peaks of luminal epithelial proliferation are known to occur during the estrous cycle, one at proestrus and the other at late metestrus [18] . However, our data are more similar to those found in the human female breast, in which epithelial proliferation is highest during the late luteal phase [35] , and in hamsters in which the mitotic index was greatest during diestrus [36] .
Of interest, is the curvilinear relationship between progesterone and alveolar apoptosis. Because the majority of alveolar cells exhibited a greater than 10% apoptotic rate when progesterone was Ͼ12 ng/ml, and little apoptosis was seen in these cells bathed in Ͻ12 ng/ml, we propose that alveolar regression occurs only after a certain threshold of progesterone is reached. However, very high progesterone levels are reached during pregnancy without the onset of alveolar apoptosis occurring, which suggests that other factors must be considered in this hypothesis. Possibly, prosurvival signals during pregnancy override the apoptotic response toward high serum levels of progesterone. In support of this, progesterone alone, at a concentration equivalent to the third trimester of human pregnancy, has been shown to be proapoptotic for the breast cancer cell line, T47-D [37] . However, further compounding the story is the finding that the local release of progesterone into postlactational involuting mammary tissue inhibits epithelial apoptosis [38] . It is obvious that the murine estrous cycle, pregnancy, and postlactational involution are physiologically distinct and we suggest that the mammary epithelial apoptotic response to progesterone depends on all the intricacies of the extracellular environment (hormonal, structural, and mechanical), and therefore, mammary epithelial apoptosis is likely dependent on more than changes in progesterone level alone. The overlap of proliferation and apoptosis that we observed in the mouse at diestrus is temporally similar to that in human breast tissue. In humans, the peaks of proliferation and apoptosis are only 3 days apart within the luteal phase, with proliferation occurring first [35] . Within the murine estrous cycle, diestrus is a prolonged stage in comparison to the other stages, as it can last up to 2.5 days before proestrus initiates [39] . We suggest that this extended time is necessary for the depletion of alveoli (by apoptosis) that form at the beginning of diestrus.
Although we found no significant correlations with 17␤-estradiol and mammary epithelial proliferation or apoptosis, the importance of this hormone in mammary physiology cannot be understated. Several groups have suggested that 17␤-estradiol acts on estrogen receptor-positive mesenchymal breast tissue and stimulates production of growth factors that in turn influence the parenchyma [40] . It has also been proposed that the action of 17␤-estradiol is mediated through the up-regulation of prolactin or mammary epithelium progesterone receptors [40] . In the latter case, progesterone may mediate its effects following the estrogen priming of the mammary tissue. Studies examining the mammary epithelial mitotic response to administered 17␤-estradiol, progesterone, or both, have revealed that both can induce DNA synthesis within 24 h [26, 41] . Therefore, because of this lag time in response, our measure of proliferation may also reflect an earlier event (approximately one stage earlier) of initiation into the cell cycle.
During the mouse estrous cycle, the majority of tissue turnover occurred in alveolar structures and this dedifferentiation is similar in character and magnitude to that seen in postlactational mammary involution in which lobulo-alveoli undergo extensive apoptosis in response to the hormonal, structural, and mechanical signals [16, 38, 42, 43] . During lactation, functional lobulo-alveoli are surrounded by an intact basement membrane, which is degraded in part by MMPs during their postlactational involution [13] . We believe that similar events are occurring during the estrous cycle in mice, but in a much shorter time span. The significant increase in MMP-9 and MMP-13 mRNAs at proestrus and metestrus, and their temporal coregulation with TIMP-3 and TIMP-4 mRNAs suggested that basement membrane and interstitial matrix remodeling are precisely controlled during the murine estrous cycle. We have previously reported an up-regulation of TIMP mRNAs (TIMP-1 and TIMP-3) at proestrus in the murine ovary [17] . Moreover, the inherent tissue turnover associated with female reproductive tissues in response to changing hormones often involves coregulation of TIMPs and MMPs [14] . Mammary transgenic mice or knockouts of protooncogenes, tumor suppressors, growth factors, and cellsurface receptors have been examined for the proliferative/apoptotic response of mammary epithelial cells to these molecules [44] [45] [46] [47] [48] [49] [50] [51] [52] . One question is whether it is important to map the estrous stage while determining mammary phenotypes in nulliparous female mice. Because most phenotypes are initially determined at the morphological level, it will be important to account for the natural variation described in this report. At the cellular level, the analysis of mammary epithelial proliferation, apoptotic indices, or both in experimental animals would require estrous staging as these indices correlated with progesterone levels. Based on our findings we further suggest that mammary epithelial proliferation, apoptosis, or both should be specified independently for ducts and alveoli, given the large differences between the two structures.
